A novel polarization beam splitter using a two-layer grating coupler is proposed and demonstrated. It can directly couple the normally incident light from fiber into two separate waveguides according to their polarization states while splitting them. It realizes high coupling efficiency and a good extinction ratio by using binary blazed grating couplers. The coupling length is less than 14 m. The extinction ratio is better than 20 dB for both polarizations over a 40 nm wavelength range, and the coupling efficiencies for the two layers are 58% and 50%. © 2007 Optical Society of America OCIS codes: 050.1950, 230.5440, 230.1360 Another method is based on the polarization properties of multilayer dielectric coatings. It needs many layers to realize high extinction ratio and suffers from a narrow-wavelength bandwidth. The photonic crystal based PBS is also a promising method for integrated optical circuits [4] . Recently, a PBS based on the negative refraction character of photonic crystal has been proposed [5] . With the development of nanofabrication technologies, subwavelength gratings (SWGs) have attracted more and more attention [6] . SWGs realize special optical functions based on their form-birefringence effect, which is several times larger than natural birefringence of crystals. Moreover, their small size and light weight are advantageous to the miniaturization and integration of optical systems. In the past few years, Tyan et al. [7] produced a multilayer Si and SiO 2 SWG that acted as a PBS with high efficiency, broad angular bandwidth, and broad spectral bandwidth. Pajewski et al. utilized binary blazed grating to form a PBS with high diffractive efficiency [8] . All the PBSs above have a common feature: the polarized light is separated in free space (or the medium) and needs oblique incidence for the total internal reflection condition or Brewster angle. In many applications, the polarized light needs to be coupled into waveguides for further processes so additional couplers are needed, which may decrease the efficiency and extinction ratio. There are other kinds of PBSs that use integrated waveguide technology to separate light between waveguides [9,10]. But they also need couplers to couple light into waveguides first, and most of them are based on the birefringence of materials or properly designed structures, which require a long distance to separate two polarizations. In this paper, we propose a compact PBS based on the strong polarization dependence feature of a binary blazed grating coupler that acts as a PBS and a coupler. It can also be used as a polarimeter to detect the polarization state of incident light from the fiber by comparing the energies in the two waveguides. Moreover, our PBS can be placed anywhere on a chip because it allows planar coupling, which makes the system design more flexible.
Polarization beam splitters (PBSs) are very important components for many applications, such as polarization-based imaging systems [1] , magnetooptic data storage in optical information processing [2] , and optical switching, routing, and isolating in optical communication [3] . Conventional PBSs based on the use of the natural birefringence of crystals, such as Glan-Thomson prisms, Nicol prisms, and Wollaston prisms, are bulky, heavy, and expensive and are not suitable for integrated optical circuits. Another method is based on the polarization properties of multilayer dielectric coatings. It needs many layers to realize high extinction ratio and suffers from a narrow-wavelength bandwidth. The photonic crystal based PBS is also a promising method for integrated optical circuits [4] . Recently, a PBS based on the negative refraction character of photonic crystal has been proposed [5] . With the development of nanofabrication technologies, subwavelength gratings (SWGs) have attracted more and more attention [6] . SWGs realize special optical functions based on their form-birefringence effect, which is several times larger than natural birefringence of crystals. Moreover, their small size and light weight are advantageous to the miniaturization and integration of optical systems. In the past few years, Tyan et al. [7] produced a multilayer Si and SiO 2 SWG that acted as a PBS with high efficiency, broad angular bandwidth, and broad spectral bandwidth. Pajewski et al. utilized binary blazed grating to form a PBS with high diffractive efficiency [8] .
All the PBSs above have a common feature: the polarized light is separated in free space (or the medium) and needs oblique incidence for the total internal reflection condition or Brewster angle. In many applications, the polarized light needs to be coupled into waveguides for further processes so additional couplers are needed, which may decrease the efficiency and extinction ratio. There are other kinds of PBSs that use integrated waveguide technology to separate light between waveguides [9, 10] . But they also need couplers to couple light into waveguides first, and most of them are based on the birefringence of materials or properly designed structures, which require a long distance to separate two polarizations. In this paper, we propose a compact PBS based on the strong polarization dependence feature of a binary blazed grating coupler that acts as a PBS and a coupler. It can also be used as a polarimeter to detect the polarization state of incident light from the fiber by comparing the energies in the two waveguides. Moreover, our PBS can be placed anywhere on a chip because it allows planar coupling, which makes the system design more flexible.
The PBS comprises two-layer polarizationsensitive SWG couples (see Fig. 1 ). The upper layer is designed for TE mode coupling, while the lower layer is for the TM mode. Normally incident light with both polarizations can be separately coupled into two waveguides. In [11] , a two-dimensional grating coupler working as a PBS is proposed, but the design of two-dimensional grating optimized for both polarizations is complicated and the coupling efficiency of the two-dimensional symmetrical grating coupler cannot be very high (about 20%). Moreover, for different applications, the light in the two waveguides is in the TE waveguide mode, while our structure splits the input light into TE and TM waveguide modes [11] . It is well known that a grating coupler is polarization dependent. The TE and TM modes cannot be maximally coupled into one waveguide at the same angle of incidence by a grating coupler.
This polarization dependence of the conventional symmetrical grating coupler is caused mainly by the difference in effective index between the fundamental TE and TM waveguide modes. The coupling efficiency difference of the grating coupler can be explained by the phase-matching equation
where is the wavelength in vacuum, T g is the grating period, N is the effective refractive index of the waveguide for the propagating mode, n is the refractive index of input space, and is the input beam angle. According to formula (1), the effective refractive indices N for TE and TM waveguide modes are different, so the TE and TM modes get their maximal coupling efficiencies at different input angle . If the difference of the angle is sufficient, only one polarized light can be coupled into the waveguide efficiently, while the other polarized light is mostly transmitted out to the substrate. The grating coupler is designed for normal incidence. In the normal incidence case, the maximum achievable coupling efficiency of a symmetric grating is not satisfactory [12] . To achieve higher coupling efficiency and better extinction ratio, binary blazed gratings are used in our structure.
The binary blazed grating is composed of subwavelength pillars with uniform height, which can be fabricated by only one etching step. Because of the shadowing effect [13] and waveguiding feature [14] , the binary blazed grating exhibits higher coupling efficiency than the conventional blazed grating [15] . The advantage of a grating coupler with two layers is that each layer of the grating coupler can be optimized individually for one polarization state, and the coupling efficiencies for both polarizations can reach their maximum.
The key design principle of binary blazed grating is to modulate the grating widths to imitate the phase shift of a conventional blazed grating [13] . In a general way, the binary blazed grating is expected to obtain a linear phase shift along one grating period, so the effective refractive indices (ERIs) should vary linearly in one grating period. The ERIs of binary gratings with a localized subwavelength structure consisting of ridges of material n g with material n 1 in between can be obtained through
͑2͒
for TE and TM polarization, respectively, where f is the fill factor, which is defined as the ratio of pillar width to grating subperiod ⌳ (see Fig. 1 ). We can control the width of each pillar (or f) to obtain the desired refractive index distribution. According to formula (2), the ERI distributions are very different for the TE and TM modes (shown in Fig. 2 ), which is socalled form birefringence. When the binary blazed grating is designed for the TE mode, the ERI distribution of the TM mode will be far from its optimized distribution, hence little TM light will be coupled into the waveguide through the binary blazed grating for the TE mode, and vice versa. Consequently, the polarization dependence of the binary blazed grating coupler is caused not only by the difference in effective index between the fundamental TE and TM waveguide mode but also by the difference of the ERI distribution in the grating field, making the binary blazed grating coupler more sensitive to polarization state. So a better extinction ratio can be achieved. The finite-difference time-domain method, a powerful and accurate method for finite size structure, is chosen to simulate and design this device. The input field is chosen to be TE or TM mode ͑ = 1.55 m͒. Fig. 1) is not strictly required, but a lower SiO 2 space (d in Fig.  1 ) is important to enhance the coupling efficiency of the lower coupler, as an accurate thickness is required for an in-phase match between the light in the waveguide and the light reflected by the SiO 2 -Si interface. Figure 3 shows the simulation coupling and transmission coefficient curves of one-layer binary blazed grating coupler (TE mode coupler) for both linear polarizations (TE and TM) as a function of angle of incidence. It is obvious that a high coupling efficiency and a good extinction ratio can be achieved at about 1.5°.
In our structure, the spectral bandwidth is determined mainly by the binary blazed grating couplers. Conventional grating couplers cannot be both efficient and broadband because of the strong resonance effect of grating. We realize a broader bandwidth by using a short asymmetric grating with large coupling strength [16] . Figure 4 shows the extinction ratio for each layer as a function of wavelength. The upper layer has a smaller extinction ratio due to the scattering of the lower grating surface. Some light can be reflected upward by the lower layer surface and coupled into the waveguide, which makes the extinction ratio worse. Increasing the spacer b or using oblique incidence can further improve the extinction ratio. Figure 5 shows the simulation results obtained by OptiFDTD software. The coupling efficiencies are 58% and 50% for the TE and the TM mode, respectively. The extinction ratio is better than 20 dB for both polarizations in the wavelength range of 1530-1570 nm.
In conclusion, we have proposed and numerically demonstrated a two-layer grating coupler used as a polarization beam splitter. It can couple light into two waveguides while splitting them, which is very useful in integrated optical circuits. A very good extinction ratio and high coupling efficiency are achieved by using binary blazed grating couplers. The coupling efficiency can be further improved by using a distributed Bragg reflector or a subwavelength grating mirror [17] fabricated under the waveguide.
